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The phenomenon of time resonances (or explosions) can explain the exponential reduction of the energy, 
which is accompanied for the certain degree by slight fluctuations under some conditions in the range of 
the energy strongly overlapped compound-resonances. These resonant explosions correspond to formation of 
several highly-exited non-exponentially decaying nuclear clots (partial compound nuclei consisting of several 
small groups of projectile nucleons and targets). This paper is a continuation and expansion of theoretical 
authors' work, which is a more general self-consistent version of the time-evolution approach in comparison 
with the traditional Izumo-Araseki time compound-nucleus model. 
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^^3?here had been observed structureless, exponentially decaying inclusive and not inclusive energy spectra, often 
^^"ftccompanied by slight oscillations, throughout the studied range of projectile energies and projectiles, targets 
registered final fragments for not very heavy projectiles (from p to '^^Ne) with projectile energies above 
C^.l - 1 Gev/nucl (for example, [1-8]). These phenomena for heavier projectiles were observed even for smaller 
^^nergies (for instance, [9]). In certain degree the fireball models [1,5] can be used successful in the analysis of 
^sJieavy-ion reactions with energies up to 1 GeV/nucl, and also intranuclear cascade model [10] and in the nuclear 

• fluid model [11] had worked rather well at higher energies, all of them suggesting formation of high-density 
. Collision complexes. The difficulties of the fireball models is why a statistical equilibrium is formed even in high 
^^xcitations (above 100 MeV-nucl). The given paper is continuation and expansion of our previous theoretical 

M)aper[12]. Our work is based on the theoretical methods given in [13-17]. In this paper is given much more 



balculation results than in [12], which were carried out on the basis of the author's approach. 



2 JUXTAPOSITION OF ENERGY AND TIME RESONANCES. 

2.1. ENERGY RESONANCES. 

Firstly we recall how in the cross section of a reaction a /3,a typical Lorentzian (Breit-Wigner) resonance 
is connected with an exponential law of the decay function of the correspondent compound nucleus. The reaction 
amplitude fapiE) is represented as 

where Ca/i is an almost constant or a smooth function of the final-particle kinetic energy E in the region 
(i?.y — T/2,E^ + r/2); in general, it depends on the angular coordinates of the emission direction, E-y and T 
being the resonance energy and width respectively, let us consider the evolution of the final-particle wave packet. 
In the one-dimensional radial asymptotic limit, such form is fair 
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oo 

*/3(^/3, i) = j dE g{E)f^0{E) exp[z/cr/3 - lEt/U] (2) 



where g{E) is a smooth weight amplitude with an energy spread IS.E (usually /S.E <C E^), m^j and 7^ are 
the final-particle mass and radial coordinate respectively, and k = {2m, p ■ EY/"^ /h. . The one-dimensional wave 
packet for short-ranged interactions (including also screened Coulomb potentials), as it was shown in [17], is 

00 

^0{zp, t) = j dE g{E)T^p{E) e^^[ikz0 - iEt/H] (3) 


with Ta(}{E) = N(j{E)fai3{E), Tap{E) is the T-matrix elements connected with the S-matrix elements by known 
relation Tap = 5,,^ — Sa6 , Nap{E) is an unessential smooth function of E, zp is the axis along the direction of 
the final-particle emission imposed by the registration geometry, zp > Rp is the interaction radius in the final 
channel. The evolution of the particle /3 passing through position zp during the unitary time interval, centered 
at i , is described by the probability flux density 

jp{zp,t) = Re[^p{z0,t){i'h/2mp)d%{zp,t)/dz0\. (4) 
with the adequate normalization 

00 

j jp{zp,t)dt = l (5) 

— 00 

In the simplest case can be fix Zj3 = and use 

00 

^p{Rp,t) = JdE g{E)T-p{E) exp[-ii;V?i] (6) 


where T^p{E) — Tap exp{ikRp) is a smooth function of E: in accordance with the analytical S'-matrix theory (see 
[19, 20]), Tap{E) contains the factor exp(—ikRp) and consequently this factor is being cancelled by e'>q){ikRp) 
in T^p{E). For condition 

r < AE <c (7) 

one can rewrite (6) in the following simplified form 

00 

^^p{Rp^t)=Aj dE^^ 



+ ir/2 



where j4 is a constant. In the approximation (7) one can obtain 

^p{Rp, t) = ( ^ ^ - f""^ * > 0' (9) 

[ 0, for t < 0. 

(moving the lower integration limit in (6) from to —00 and utilizing the residue theorem). Here B is a constant 
and more precisely there must be t — tin (with tin = ^{d axg{g) / dE)) instead of t. 

The emission probability (per a time unit) in the vicinity of the compound nucleus (near zp — Rp ) 

m = J"'^"-" (10) 



/ 



30{R0,t) dt 

—00 

is equal to 



i{t) = {T/h) expi-n/h) (11) 
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In obtaining (11) we took into account that 



d[exp{ikzfs)] 



lini i-in/m,)T^,^^^-^l^ = ,T-, (12) 



{ly = hk/mp). If '^^{RfSjt) has a form (9), the Fourier-transform of is equal to: 

CSO OO 

J dt ^0{Rf3,t)eM-iEt/h] =B J dteM-i{E-E^)t/h-{T/2h)t] = ^ _ .^^^ (13) 



which is proportional to the amplitude from (1). 

For > Rp one can rewrite (3) in a following way: 



OO 



with 



D{k) = {2mp/n^)Np{E)C^p, 



ko = {1/V2) ■ (^ + fc^) - - fc^), 

kj = ^/2m^E^/h, 7 = Trriis/h^. 
Since G(k) and D(k) are smooth functions of k : 

OO 
— OO 

under the condition (7) and then, introducing a new variable 



and after performing the transformations quite similar to those which were used in [21-23] it is possible to 
obtain: 

vD r ?? - / ^' Zi3>v^t; , . 

'^0{^O,^) <^ constexp[ikjZf3-iE^t/n- {T/2n){t- z^/iy^)], for z^ < ly^t. ^ ' 

with = hk/mp. The wave function (17) can be applied for macroscopic distances zp, near a detector which 
registers particles (3. 

Let us remember that an exponential law (11) and also the asymptotic (17) are valid only under conditions 
(7), i.e. when all energies (or continuum states) around are completely populated in the large region with 
the width Ai? ^T. If, on the contrary, 

Ai; «; r (18) 

the emission probability is non-exponential and does essentially depend on AiJ and the form of g(E). If one will 
take the Lorentzian form also for g(E), i.e 

= i.--/;.Ai./2 (1^) 

with qq = const or smooth inside AE under conditions (7) and (18), instead of (17) the expression 

0, for zp>u^{t-tly, 

^0iRp,t)=\ —^^fL^eMikz,-'-^-^{t-'-^-tl)], for z,<^,{t-tl). (20) 
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(with V = hk/mij and = % — 5,^° ) will be obtained. The cross section cjap , which is proportional to 

oE 

oo 

(7a/3 j dtjfs{Zj3,t) (21) 

where tmin = z^/p + t°^, {tmin, oo) being the operative registration time interval of detector, after integrating 
in (21) acquires the Breit-Wigner form 

. 12 const 

2.2. TIME RESONANCES. 

Let us use the same method in the case when 

T-f^{E) = T-^ eM-ETn/2h + iEtJh) (23) 

with E„iin < E < oo, whore r,,, and tn are constants (with the time dimension), t„ and t,, determine the 
exponential dependence on energy for the correspondent cross section and the linear dependence on energy for 
the amplitude phase respectively. is a constant or a very smooth function (inside AiJ) of the final-particle 
energy E. Here the fine resonance structure of is not taken exphcitly into account yet, supposing it totally 
smoothed out by the energy spread (and resolution) /S.E, and also assuming that H^E « 2h/Tn ■ 
In this case, one can write instead of (6) and (8-9) 

oo 

^l}{Rf),t) w j dE'A' exp[-i;'r„/2n + iE'{tn - t) /h] (24) 

with A' = g{E') . Using the simplest rectangular form of g{E'), i.e. 

. _ r {AE)-y^ exp (iargff), for E^in <E^ {AE)/2 < E' < E + {AE)/2; . . 

3^-^ )- \ 0, for E' <E- {AE)I2 and E' > E + {AE)/2. 

with axgg being a smooth function of E inside AE, one gets 

const 

t) = , , , /n Cxp[^(-T„/2 + i{tn - t))/n]- 

t~tn + lTnl2 (26) 

•[exp[Ai;(-T„/2 + i{tn - t)/2n)] - exp[-A£;(-r„/2 + i{tn - t)/2n)]] 
When all energies levels in the large area beginning with Emin, are completely filled, i.e. 



{E + AE/2)t„/2 oo and 

E + AE/2 — > Emin, 



(27) 



one arrives to 

COTlSt 

■^jj^Rf}, t) = exp[£;„i„(-r„/2 + i{tn - t))/h]. (28) 

t — tn + ITnl 2. 

It is natural such a behavior of ^p{Rp,t) to cah a time resonance because of the Lorentzian form of the factor 

; — J- in (28), or an explosion (for small values of r„). And inversely, if i3{Ri3, t) has a form (28), the 

t — tn + lTn/2 

Fourier-transform of ^^{Rpjt) will be equal to 

oo 

/ dt^p{Rp,t)eM^Et/n] = ^^g^ 

const ■ eyip[—ETn/2h + lEtn/fl + EminTn 1 2h] 

which is proportional to the amplitude (23). 

For Zjj > Rjj it is possible to rewrite (3) in a fohowing way: 

oo 

*^(z0,t)= / dE',f^pNpeMikz0)g{E')- 
• exp[-£;'T„/2fi -h iE'{tn - t)/h]. 
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If the narrow energy spread {AE « E), using the function (19) for g{E') and introducing a new variable 



instead of (16), one finahy obtains: 

f 0, for Zi3>y{t-tn-t'lJ] 

^0{R0,t) = l iE{t -tn-tl- zr„/2) , ^ , ,0^ (^2) 

I ccmst ■ exp[zKr ^ ' I\EA[t)\, for zp < uif — tn — v(^)- 

with 

A{t) = - t„ - i° - Z0/v - iTn/2]/2n 

after the transformations similar to those which were made for obtaining (17) and (20). The cross section, 
defined by the formula (21), will have an exponential form: 

0"a/3 = |/a/3p = COUSt ■ exp{-ETn/h). (33) 

When or fa/s has a more general form like 

1/ 

/a/3 = ^M-ETn/2n + iEtn/h]. (34) 

n=l 

with several terms {v = 2,3,...), the cross section Uafi = |/a/3p contains not only exponentially decreasing 
terms but also oscillating terms with factors coa[E{t — tn')/K\ and sm{E{t — tn')/K\-)/ ]■ In the case of two terms 
{v = 2) in (34) formula (33) pass to a kind 

a^p = eM-En/n) + eM-ET2/n) 

+2Re{flpflp ■ eMiE{ti - t2)/n - E{n + r2)/2h]}. ^""^^ 



(where the terms with AE are neglected if the conditions AEtn << Ern and AEtji « Etn are supposed). 

3 COMPOUND NUCLEI PROPERTIES WHICH CORRESPOND 
AND DO NOT CORRESPOND TO TIME RESONANCES. 

3.1. COMPOUND-NUCLEUS DECAY EVOLUTION IN THE REGION OF A TIME RESONANCE. 

The compound-nucleus surviving evolution (at instant t during the life and decay after the formation) can 
be described by the following function: 



L^(t) = 1 - dtl{t) (36) 

to 



where I(t) is defined by (10). The initial point tg of time fiowing seems naturally to be chosen at moment 
thus supposing = 0. However, the uncertainly St = h/AE of the initial wave packet duration before the 
collision must be taken into account. So to = — (5f = —St = —h/AE. 

In the region of an isolated energy resonance the function I(t) is described by exponential formula (11) and 

i 

the function L'^(t) is also an exponential one: L''{t^ = 1 — / (it(r/?),) cxp(— Ft/fi) = cxp(— Ft/??,). 

(o 

In the region of a time resonance (28) the function L'^{t) is essentially non-exponential even at the approximation 
to = 0. The qualitative form of L'^{t) can be illustrated with the help of the very simplified examples, using (28) 
at a very narrow interval near t = tn , and also for all values of t, when 

j0{R0, t) = Re[^0{R0, t) ■ iih/mff) ■ lim 6^/d{z0, t)/d{zis)] ^ V\^p{Rfs, t)f (37) 
where V is defined by the integral theorem about the average value, namely by the relation 

oo oo 

j dEi/Aex.p{-ETn/2n) = u j dEAexp{-ETn/2n) (38) 
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(h' here appeared after applying (12)). Then 



lit) 



[(t-t„)2+r2/4]-i 



-f oo +00 

J dtjp{Rp,t) / dt[(i-t„)2+r2/4]-i 



(39) 



(T„/27r) 



1 



and 



L=(t) = 1 - (l/7r)[arctan(y)] 



2/ = 2(t - i„ - to)r„ 
2/ = 2(2io)r„ 



Since the curve arctan(y) has the form which is illustrated by Fig.[Tl in the case of 21^1 Tn 
the function L'^it) has a form, depicted in Fig. [2] (curve 1). 



(40) 

'CO (r„ are small) 





T.ri 











Fig. 1: The function arctan(j/) for 2t(i/Tn —00 
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In this case 



1, 
0, 



Fig. 2: L^it) (curve 1) and I{t) (curve 2). 



7r[arctan(2(i — t„ — io)^^!) — 7r/2] 

when t = (with tn + h/AE 00) 
when t 00 



and 



(40a) 



(406) 



From the simple form of Fig. 2, one can see that i„ can be interpreted as the Poincare period of internal motions 
in the compound nucleus (after its formation and before its decay) when i„ >> t„. Such behavior of L'^{t) was 
investigated in [14,16,18]. If one will take into account the compound-resonance structure of Tq,^ explicitly, the 
strongly non-exponential form of L'^it) and I(t), like depicted in Fig. 2, will take place for the case of strongly 
overlapped energy resonances when 

Fjsn < Njsn/^npjsn (41) 

(Fjsn and p,jsn are the mean resonance width and level density, Njgu is the number of open channels, JSU 
being total momentum, spin and parity quantum numbers respectively). The compound-nucleus decaying small 
probability for t < tn (inside the Poincare cycle) can be understood as a consequence of the multiple internal 
transitions between the strongly non-orthogonal wave functions of the meta-stable states in the region of the 
strongly overlapped energy resonances. 
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In the case of a several time resonances, it can signify the superposition of several strongly overlapped 
energy-resonance groups with different values of JSU of the same compound nucleus or the formation of several 
partial compound nuclei with various numbers of participating nuclcons. 

3.2. A POSSIBILITY OF EXPLAINING A TIME-RESONANCE STRUCTURE OF AMPLITUDES 
FOR MANY CHANNELS AT THE RANGE OF OVERLAPPED ENERGY RESONANCES. 

How can explain manipulations with the comparatively smooth energy behavior of expressions (23) and (34) 
for Tap or fap which correspond to time resonances and also to experimental data on cross sections, although 
really the amplitudes are strongly fluctuating in the region of a lot of the overlapped energy resonances with 
extremely high densities? At flrst sight , in the region of high energies the energy resonance structure has to vanish 
not only because of the "smoothing"by energy spreads (since AE >> Fj^n, Pjsn) tiut also de facto because of 
the strong decreasing of the probability of the formation of intermediate long-Uving multi-nucleon states. The 
compound-resonance density is very fast increasing with energy, beginning from low-energy well-resolved energy 
resonances where various versions of the Fermi-gas model with shell-model and collective-model corrections are 
rather successful. Only near 30-40 MeV/nucleon in the compound-nucleus system one can expect saturation 
effects and further the strong decreasing. However, just for these energies, resonances of another nature can 
appear. These resonances are connected with local excitations of long-Hving intermediate multi-quark-gluon 
states of baryon subsystems (see [24]). 

Let us consider the possibility of above-mentioned explaining the time-resonance structure of amplitudes 
attentively, limiting ourselves by considering only the partial JSTI-amplitudes T^p^ = Sap — S^p^ , S^p^ being 
S-matrix element. 

For sufficiently high energies, if one neglects bound-state, anti-bound-state and threshold singularities, the 
^'-matrix can be described by the following analytic expression [14-18, 25]: 

S = USresU^, Sres=l[(^ ,J (42) 

e - e„ + tl „/2 

where the indexes JSU are omitted for the simplicity, the unitary background (non-resonant) matrix U and the 
resonance projection matrix P„ (P„ = P„ = Pn , Trace P„ = l)slowly changing with the total energy s or are 
almost independent on e , U'^ beirig^ the matrix transposed to U . Under the simplest Baz'-Newton conditions 
(see [14-18]) when fluctuations of P„ can be neglected (P„ =< P >), the 5-matrix (42) acquires the following 
form : 

g=^-"('-n ::;:;;r:/2 ' <^^' 

with Sb = UU'^ and a = U <P >U'^ . The energy-averaged 5-matrix < S >Ae is [14-16] 

< S >Ae= Sfe — a[l — exp(— ttF/p)] for unresolved resonances {AE >> p~^,T) and fluctuating (or compound- 
nucleus) 5-matrix >S° is 

5^ = 5- < 5 >Ae= sin IZTlfril - ^M-^^P)] (44) 

Let us repeat that St, and a arc almost independent on energy (slowly changing with energy) . For strongly 
overlapped resonances when TrFp >> 1 

and the energy-averaged compound-nucleus cross section < cr^^ >a£ is evidently proportional to |aa/3|^: 

< <^a/3 >~< I'S'S/sl^ >Ae= (45) 

(here and below we continue omitting indexes JSTI). If the initial energy of projectiles is fixed and therefore 
the total energy e is also fixed (with the accuracy Ae) the cross section (45) can be rewritten in the form 

< Olp >AE ^ < \Sap? >Ae = < ka/Sp > As = I a^p]^ (45a) 

where AE is defined by Ae and the energy resolution of the detector of final fragments. 
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As it is shown in [18, ref.l], see also [14] the correspondent to (45)-(45a) energy-averaged compound-nucleus 
time delay and variance of the compound-nucleus delay distribution are defined by the following general relations 

< rl^" >=< \Sir\^ > h^^^^0^/ < \Siiy > (46) 

and 

n .J5n _ < id\Sii''\/dE)^ >^E 

< P ifc I >A_E (A'7\ 

n^<\Sin\d^rgSii''/dEf _ ^ ^jsuo 

<\Sin'>AE 

respectively (energy E is the final-fragment kinetic energy). 

Before using (46)-(47) wc shell derive the sum rule connects the compound-nucleus mean time delay, 
the variance of the compound-nucleus time-delay distributions with the main compound-nucleus resonance 
characteristics. 

For the simplicity here and further wc omit in all the formulas the indexes JSH. 
After a series of transformations of Trace R with utilization of the relation 

^^S,fe54=0, (48) 
fe 

following directly from the differentiation of the unitarity relation = 1 for the 5-matrix, one can obtain such 

fe 

relation 

T^^^.S »;2rY^r.c^'7ifcx2 , 2 ^ <^ «^g^ifc ^21 , ,s^^ d argT^k d\T,k? , ,„ 2 ^^^^ argTjk ^ , .^^ d?Im Su 
TraceR = n{^[{ — ) +\T,,\ i^^) ] + ^^[^— ^— +\T,,\ -^^]+^^^-^}, 

ik ik i 

(49) 

where Tjfe = 5ik — Sik is now the element of the partial T-matrix. 

By averaging relation (49) on the energy spread of wave packets in the initial channel, one can write 

nn ft f \g(E)\^ TraceR dE , , 

<TraceR>= ^ , (50) 

where the weight function is normalized by the condition J \g{E)\'^dE = 1. 

^2 

Integrating the term with — ' by parts in (50), one can easily be convinced that the second sum J2 

dE'^ ife 

in (50) for smooth weight functions \g{E)\^ vanishes and can consequently be ignored. Moreover, the sum ^ 

i 

in (50) can also be neglected since it is a quantity of the order of at least {AE)~^ as it can be easily seen after 
integrating (especially for the rectangular form of \g{E)\^ . Thus, in this approximation one can write 

< TraceR >= Re < TraceR >= jf (^)2 > + < \Tik\^{±^^kf >], (51) 

ik 

As one can see from the expressions (5)- (6) for the collision duration variance Drik (here for the partial collision 
variance with the omitted index J), with sufficiently large collision durations, one can rewrite relation (51) in 
the form 

Re < TraceR >= J2[DTik + < nk >^] / < \Tik\^ > ■ (52) 

ik 

Now we shall study R and < TraceR > , using the Simonius representation (42) of the S'-matrix (as usually here 
omitting the indexes .7). Since, evidently, < TraceR > = < TraceRres > with Rres = —h^Sres{d'^Sres/dE-^) and 

Srea =11(1- 7; -t. ;^ ) it is Sufficient to study Rres- 

v=\ E - E^ + il „/2 
The principally simple but rather bulky calculations give 

T d - _9-fi2v- ■ TracePm 

IraceRre.- 2in 1. - E„,r +Jl/J]{E - E^ - ir^/2) + 

FT/. TrnrpP . P , ^ ^ 



[{E - E^f + r^/4][(£; - E^,Y + r^V4] 
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~ m-1 iT P 

where Pm = SmPmKi^ Sm = n (1 - "-T^ ;„ ) , with SmKi = 1 ,( -Pm is also a projector since 

it is a unitary transform of the projector Pm ) and we iiave used the relations TracePm ■ Pm' = TracePm' ■ 
Pm, TracePm ■ Pm' ■ Pm = TracePm' ■ Pm , which are the evident consequences of the trace cycHcity and 
projector properties. In order to analyze TracePm ■ Pm' we shall use the representation adopted in [18], 

{,Pm^vv' — ^m,v ' •^m^i'i (^^) 

n 

with \xm,u?' = 1 • Then 

{Pm)uu' = {ym)u ■ (^)l/', (55) 

71 

where {ym)v = J2 Sm,ui^' ■ ^my and X] \{ym)vf = 1- 

;y' ly— 1 

Therefore Pm — 1 and TracePmPrn' becomes TracePm ' Pm' = | X]^mm',i/p5 where 
Amm',u = iym)u ■ Hencc 

< TracePm ' Pm' — I ^ ^ ^mm',!/ r < 1. (56) 

Rewriting (53) in the averaged (on the energy spread of wave packets in the initial channel) form 

r 



< TraceRres >= Re < TraceRres >= {-2ih J2 



[{E - + r^/4](^^ -Em- irm/2) 



j_ Ofi2 ^m^m' ■ TracePm ■ Pm' i 

Jtm [{E - E^f + Vl^/A]{{E - Em'f + Tl,/A] ^ >' 



(57) 



we get 



(-2i?i^)r^ 

^[{E-Emf+Ty^]{E-Em-iTm/2) ~ .... 

+°°d£ (-2ir)r _ 47r;i'^ ^^^> 

~ -oo ^[e2 + rV4](e-ir/2) ~ 

TracePm{E)-Pm'{E) 
J^J{E-Em?+Tl,/A][{E-Em'y+Vl./^] 

.2.^1. Ids I ,,iTracePie,E).Pie',E))_ 



J J [£2 + rV4][£'2 + rV4] 

— oo — CSO / JL /J 



2 [Zn^i^£^](TraceP(e,i;)P(e;,,£;)) 



[£2 + r74] 

r, £ + «r/2' 

= < {TraceP{ec,E)P{e'^,E)) > j de 

— OO 

4n^n^{TraceP{ec, Eo)P{e'^, Eq)) 



[e2 + r /4] (59) 



where P{ec, E), P[e'^, E), P{ec, Eq) and P{e'^,EQ) are the values of and Pm' at points £c,£c Eq defined 
by the integral theorem around the average value, namely by the relations 

S ^ +00 

de' ^y'-^ =P{s',,E) I de'— (60) 
e'2 + r/4 ^ " ' J e'2 + r/4 ^ ' 
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+?° , < TraceP{e, E)P(e' E) > , e + iT/2 
J as — J . — - — In =■ 



£2 + r/4 



e-iT/2 
e + iT/2 



+ 00 



In 



(61) 



=<TraceP{e,E)P{e'^,E) > J de 



iT/2 



and 



< TraceP{e,E)P{e'^,E) >= 
= TraceP{s,E)P{e'^,E) 



£2 + r/4 

/ \g{E)\^TraceP{e, E)P{e'^, E)dE 
I\9{EWdE 



(62) 



respectively. 

In order to obtain relations (58) and (59), we also used the residues Cauchy theorem for integrals 



lie) 



Co 



iT/2 



and 



Co 



f{s)ln{eTiT/2) 
£ ± iT/2 



de 



/(s) being an analytical function in the upper or lower half-plane of the complex values of £ which vanishes over 
the half-circles V± with the infinitely large radius ; the contours Co,Ci and C+ arc represented in Fig. 3 (the 
contours 7_ and 7+ on the edges of the cuts near the branch points of ln{e ± iT/2) are outside the integration 
contours). If one uses an analytical functions D{Em) in the continuum approach instead of the mean spacing 
D, the results do not change when one uses the approximation D{Em ± iTm/'^) = D- 





Fig. 3: Figure 3... 

Of course, the continuum approximation is justified only for averaging over AiJ >> . 
For statistically equivalent channels with TV >> 1 {N — >a ) in the random-phase approximation (for Amrn',u), 
we shall make the following approximate evaluation 

TracePm ■ Pm' TraceP{£, Eq) ■ P{e'^, Eo)^J2^ = ^- (63) 
Substituting the expressions (G.58) and (G.59) in (G.57), we finally obtain 

Re < TraceRres >= ^ + ^n^h^p —, (64) 

with 

M ^ ^ 

— =TraceP{e,Eo)P{e'„Eo) 
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which is equal to 1/iV in the random-phase approximation for the statistically equivalent channels with iV >> 1 
(AT ^cx). 

Then, using again the JiSII indexes, we obtain the following form of relation (64): 

Re < TraceRi^J" >= ^Trn^p^^^/r^^^ + An^h^p^^^fM^^^/N^^^ (65) 
Finally, comparing (G.52) with (G.65), we can write 

E[^r//n(£;)+ < ri^^iE) >^]/ < \T/,^HE)\^ >= rf/^"/r^^n+ ^ ^ 

tk (66) 
+47r2?l2(p^sn)2^j5n/^jsn^ 

In general, the quantity Af'^'^n^^./sn fluctuates between and 1 (see relation (56) and can be used as 
an empirical parameter describing channel-channel correlations between resonances (more precisely, between 
resonant projection matrices Pm)- 

Now, for the study the compound-nucleus processes, we shall use the relations (omitting indexes JSU) 

d\Tk\ \Tg\d\Tg\ 2 . ^ dReT9, ^ ^ dlmTK. 

and 

d ara Tu IT^ P d ara -^^ < > IW^I^ < ^ik > 

dE \T,kV dE ^ \TikV ' 

From relations (67) and (G.68), it follows that 

+1^^'=' ^ dE ^ +1^^'=' ( dE ) 

Hence, we can easily transform the sum rule (66), using (46), (47), (67), (68) and (69), into the form 

YXd4'"''\e)+ < 4''''\e) >^]/ < \T:y'''\Er >= Ann'p^^^/T^^^+ 
t^.TT'^n^ipJ^^fM^sni^jsn^ 

In the approximation of the statistically equivalent channels for which the relation 

E < \T^it'''''\E)? > = 1 - ea;p(-2V''npjsn/^jsn^ ^7^^ 

k 

is valid and all < rlj:^^^^ (E) > are equal to 

c( jsn) . . 2nhpJS^ 

^^zk \^)^ NJSn^l-exp{-2TipJS^TJS^/NJSn)y ^'^> 

all (< T^lf^^\E) >Y are also equal to each other. For the case of weakly overlapping resonances, when 

< r'^^^^n) >= Vr^™ and Dt<''^^ = {n/T^'^f = (< t<''^^ >f, 

i.e., in total agreement with [13,15] the compound-nucleus decay law is, on average, exponential. 
For the case of strongly overlapping resonances, when V^^^ » N / 2tt p"^ , 

<^c(jsn) >^2Vsn/^jsn Dt<'^^^ ^ {27rhpJ^^ /N^^^ f « (r^(''^n)^2 ^73^ 

hence also in agreement with [14,16,17] the compound-nucleus decay law is strongly non-exponential, i.e. is a 
time resonance (explosion). 
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4 COMPARISON WITH SOME EXPERIMENTAL DATA. 

For analysis of observed experimental spectra of a single final fragment one has to sum (or average) the 
expressions like (33) and (35) over the subsets of final states (with different quantum numbers JSU, orbital 
quantum numbers L etc) and channels, sometimes coherently (see[25]) and usually incoherently. It does not 
matter and does not change the final expressions if we make the simplifying assumption that all the involved 
amplitudes have the same E'-dependence for the both Ifaffl and aig fap ■ In particular, for inclusive energy 
spectra of the k-th final fragment we shall use the following expression: 



<7inc,k{Ek) = I E C„exp[(it„ - Tn/2)Ek/K\\'^ 
2 

+2ReCiC2 exp{[i{t2 - h) - (ra + n)/2]Ek/n} 



(74) 



In Fig. 4-7 some calculated inclusive energy spectra <Jinc,k{Ek), in arbitrary units and in semi- logarithmic 
scale, are presented in comparison with the experimental data from [4,6,8,9,11,12]. At the pictures the experimental 
data are the points, and the theoretical data are the curves. 




1.00 < 



0.3 a 



Fig. 4: Inclusive process p -|- C — > Be^ (2.1 GeV protons); the experimental points are taken from [11]. a) Cl= 0.04, 
C2= 0.36 (61 = 90°); b) Cl= 0.35, C2= 0.05 (61 = 160°) 




Fig. 5: Inclusive process Ne^° + Al 
C2= 5.8 (6» = 90°); b) Cl= 5.8, C2= 



-> p (393 MeV nucleons); the experimental points are taken from [6]. a) Cl= 
0.2 (61 = 150°) 



0.2, 



In Fig. 4-7, 9 is the detected angle of the fc-fragment emission. 

The values of n , T2 and ^2 — ii , which were found from fitting the theoretical curves with the experimental 
data, are presented in Table 1. 

If in [8] the attempt was made to seek the same one-two time resonances for a wide region of energies e and 
total numbers of nucleons involved in collisions, we had searched the same one-two time resonances only for the 
same (or almost the same) energy excitations of the same (or almost the same) compound systems (nuclei or 
clots). And only the contributions CI and C2 were varied for various emission angles and fragment masses. 
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mm 3*'- 



Fig. 6: Inclusive process He'^ + t ^ p (720 MeV nucleons); the experimental points are taken from [8]. a) Cl= 0.18, 
C2= 1.02 (61 = 60°); b) Cl= 1.13, C2= 0.07 {6 = 90°) 




m, 



r 




»:F>e[imip^Hs 



Is-: 



Fig. 7: Inclusive process iVe^° + Ul ^ p (1045 MeF nucleons); the experimental points are taken from [8]. a) Cl= 0.35, 
C2= 5.65 {e = 90°); b) Cl= 5.65, C2= 0.35 (6» = 150°) 



-•4 ■^1.,^ 

■4 



11 1 afttlMtalpoltis 

,t — . (lB((!tiCaltltW 



r 




Fig. 8: Inclusive process Ar*" + V^'^ — > p (41 MeF nucleons); the experimental points are taken from [9]. a) Cl= 0.002, 
C2= 0.03 (61 = 97°); b) Cl= 0.03, C2= 0.022 (61 = 129°) 



Reaction 


Projectile energy, Gev/nucl 


ri,10 '^'■^sec 


T2,10"^-^sec 


t2-ti, 10-^^sec 


p + C^Be' 


2.1 


10.45 


17.0 


5.95 


iVe^" + Al^p 


0.393 


0.1 


0.99 


1.7 


iJe* + Ta^t 


0.72 


1.72 


3.15 


1.22 


Ne^^ + U -^p 


1.045 


0.92 


1.7 


1.72 


Ar'^^ + V ^p 


0.041 


7.5 


9.0 


0.20 


Xe^^^ +Au^p 


0.044 


6.0 


7.0 


1.0 


Ne^"^ + U^p 


0.4 


1.7 


2.2 


0.10 




0.25 


4.2 


7.2 


0.10 



Table 1: . The parameters of time resonances for some inclusive spectra. 
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Since the slope of energy spectra noticeably increases with increasing angle, it signifies that the increasing 
contribution of compound-nucleus states with larger values of tn and r„ is connected with the formation of a 
heavier compound nuclcons with a less velocity (in the laboratory system). This agrees with the observed in 
[1,3,6] phenomena of more distinct oscillations for intermediate emission angles. 

May be for the Hghtest compound system (p+C), presented here, the superposition of a direct process (i.e. 
n = instead oi n = 1) and a time resonance {n = 2) is taking place because the difference t2 — fi(o) is larger 
than usual. 

5 CONCLUDING REMARKS 

Here was developed the phenomenological time-evolution approach, which is based on general properties of 
time-energy transformations and general results of joint time and statistical energy- resonance analysis of nuclear 
reactions, obtained earlier in [14-18], even without taking the formal considerations, developed in [8,13] as, in a 
certain degree, a continuation of that analysis - and a further development of the time-operator formalism seems 
to be very useful for elaborating the microscopic models of time evolution of high-energy collision processes with 
utilizing concrete properties of time operators, canonically conjugated to compound-nucleus Hamiltonians. At 
the same time, relative to our opinion, presented here time-resonance (explosion) phenomenological description 
can also be combined with any semi-microscopic model, in particular, elaborated on the base of the fireball or 
intra-nuclear cascade models. 

In section 3 the certain situations at the range of strongly overlapped compound-resonances were revealed 
(in particular, conditions TrFp 1 and (49), then irpT/N 3> 1 etc) when one can observe one or several time 
resonances (explosions) in the cross sections de facto. So, time resonances (explosions) can appear only on the 
base of strongly overlapped standard energy compound-resonances as a particular phenomenon. It is worth to 
mark that the only clear experimental indication for appearing of a time resonance (explosion) is the exponential 
decreasing of inclusive energy spectra (with some oscillations at the case of several coherent time resonances 
[for the same involved amplitudes]). 

At present, because of somewhat unclear (rigidly in practice) validity of the conditions (49) and even (52)- 
(53) it is now difficult to conclude unequivocally, basing on selected good results of fitting in Figs 3-4, if the 
time resonances are really existing or not. However, the time-resonance (explosion) phenomenon is a rather sane 
hypothesis. Further, we need more accurate and precise experimental data for a certainty in the presence of real 
oscillations but not of random dispersions and errors of measurement results. 

As to the dependences of the cross sections and inclusive energy spectra on the detected angle of the final 
fragment emission, in general, one can expect the same picture as for typical compound-nucleus processes, with 
some particular exceptions Hke the following. It seems that a certain experimental indication for the existence of 
time resonances can be seen in the phenomena of the steeper energy decreasing in spectra for the larger emission 
angles 9 and of the more distinct oscillations in spectra for the intermediate (between the minimal and maximal 
experimental values) emission angles in the laboratory system which are observed in [1-6]. Nevertheless, one 
has to consider that for small angles the last oscillation peak in spectra (for the largest energies E) can be 
connected with the pure kinematical effect of direct or peripherical processes in the laboratory system. But at 
least one very important conclusion we can already state - about a new kind of analysis: joint time-evolution 
and statistical energy-resonance approach for the study of dependencies of energy-resonance densities, widths 
and numbers of open channels from JSIIL and E for unresolved (and consequently unobscrvable) compound- 
nucleus energy resonances, and also for the study of possible direct-process contributions. As to dependencies 
from JSIIL, one can hope that the investigation of energy spectra for various emission angles will be useful. 
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